Human apolipoprotein E (APOE) exists in three isoforms ε2, ε3, and ε4, of which APOE4 is the main genetic risk factor of Alzheimer's disease (AD). As cerebrovascular defects are associated with AD, we tested whether APOE genotype has an impact on the integrity and function of the blood-brain barrier (BBB) in human APOE-targeted replacement mice. Using the quantitative in situ brain perfusion technique, we first found lower (13.0% and 17.0%) brain transport coefficient (Clup) of [ 3 H]-diazepam in APOE4 mice at 4 and 12 months, compared with APOE2 and APOE3 mice, reflecting a decrease in cerebral vascularization. Accordingly, results from immunohistofluorescence experiments revealed a structurally reduced cerebral vascularization (26% and 38%) and thinner basement membranes (30% and 35%) in 12-month-old APOE4 mice compared with APOE2 and APOE3 mice, suggesting vascular atrophy. In addition, APOE4 mice displayed a 29% reduction in [ 3 H]-D-glucose transport through the BBB compared with APOE2 mice without significant changes in the expression of its transporter GLUT1 in brain capillaries. However, an increase of 41.3% of receptor for advanced glycation end products (RAGE) was found in brain capillaries of 12-month-old APOE4 mice. In conclusion, profound divergences were observed between APOE genotypes at the cerebrovascular interface, suggesting that APOE4-induced BBB anomalies may contribute to AD development.
INTRODUCTION
Carrying the allele ε4 of the apolipoprotein E (APOE) gene is the major genetic risk factor of Alzheimer's disease (AD). 1 ApoE is chiefly involved in the transport of cholesterol through its interaction with low-density lipoprotein receptor-related protein-1 (LRP1), lipoprotein receptor with 11 binding repeats (LR11, also known as SOLRA) and other apoE receptors. 2 ApoE is a polymorphic protein, which exists in humans as three isoforms ε2, ε3, and ε4 with worldwide frequencies of 6.4 ± 5.1%, 78.3 ± 12.1%, and 14.5 ± 8.5%, respectively. 1, 3 Prevalence of APOE4 allele is about 37% in AD patients, a proportion three times higher than in the general population. 4 The three isoforms differ from each other only by the amino acids located at positions 112 and 158, leading to alterations in apoE structure and in its affinity toward its ligands and receptors, and thus in its role in neuropathologic conditions. 5 However, despite massive research effort in recent years, the exact AD-relevant loss or gain of function resulting from apoE4 expression remains poorly defined. 1 It is increasingly recognized that AD and cerebrovascular diseases (CVD) share key risk factors such as hypertension, cerebral hypoperfusion, diabetes, hypercholesterolemia, and APOE4 carriage. 6, 7 The blood-brain barrier (BBB) is a biologic barrier comprises endothelial cells surrounded by the basement membrane, pericytes and astrocytes, having a central role in brain homeostasis. 8, 9 Because the BBB is an obligatory interface between the cardiovascular system and the brain, its dysfunction is suspected to underlie AD-related cerebrovascular defects. 10 For example, increased cerebrospinal fluid/serum ratios of blood-borne macromolecules have been interpreted as evidence of impaired BBB permeability in AD. 11 Morphologic abnormalities of brain capillaries, as well as evidence of cerebrovascular dysfunction such as decreased cerebral blood flow or lower brain glucose metabolism, have also been documented. 10, 12 Supportive observations have also been gathered in animal models of Aβ or tau ADlike neuropathology. [13] [14] [15] Finally, BBB-expressed transporters such as the receptor for advanced glycation end products (RAGE) and LRP1 are thought to regulate Aβ transport in and out of the brain. 2, 16 Incidentally, an upregulation of RAGE and a downregulation of LRP1 were shown in the AD brain where both changes could contribute to the accumulation and deposition of Aβ. 17, 18 However, recent data suggest that APOE4 expression exerts detrimental effects on the cerebrovascular system including BBB impairments. 10 Indeed, human apoE4 expression in the mouse, compared with apoE2 and apoE3, results in altered BBB permeability and reduced cerebral blood flow. 19 Furthermore, apoE has been shown to have a role in Aβ deposition in cerebral parenchyma and microvessels, in an isoform-dependent manner. 1 In addition, accumulating evidence suggest that apoE, through its binding to LRP1, mediates the clearance of Aβ across the BBB, and that the APOE4 allele contributes to cerebral accumulation of Aβ. 1, 20 Finally, we recently found that APOE4 expression leads to reduced uptake of docosahexaenoic acid through the BBB, which may explain why APOE4 carriers do not benefit from this dietary polyunsaturated fatty acid. 4 On the basis of these series of data, we hypothesized that the ε4 allele of APOE impairs the morphology and functional properties of the BBB. To verify this, we quantified by in situ brain perfusion the passage of diazepam and glucose through the BBB in mice carrying the different alleles of human APOE. In addition, we evaluated the thickness of the basement membrane and relative vessel density and quantified several key transporters of the BBB in the cerebral vessels of mice expressing the human APOE2, 3, or 4 allele.
MATERIALS AND METHODS Animals
Male and female APOE (E2, E3, and E4) targeted replacement mice were purchased from Taconic (Hudson, NY, USA) and then reproduced in our laboratory. In these models, the murine APOE gene of C57BL6 mice was replaced by one of three human APOE alleles (E2, E3, or E4). 21 Animals were killed at 2, 4, or 12 months of age, or 5 months for the mice used in the human immunoglobulins (hIgG) biodistribution study. All mice had free access to standard laboratory food and water and were kept on a 12-hour light-dark cycle at 22 ± 3°C. All experiments were performed in accordance with the Canadian Council on Animal Care and were approved by the Institutional Committee of the Centre Hospitalier de CHU de Québec.
In Situ Brain Perfusion
The in situ brain perfusion technique measures the volume of distribution and transport coefficient (Clup) of compounds in the brain after an intracarotid perfusion. Since 100% of the perfusate reaches the BBB, distribution and transport parameters can be readily determined. The cerebrovascular volume is assessed in parallel during the same experiment using a vascular space marker such as [ 14 C]-sucrose (412 mCi/mmol, Moravek Biochemicals, Brea, CA, USA) (0.3 μCi/mL), which does not cross the BBB. The surgery was performed as described previously. 4, 8, 13, 22, 23 Briefly, mice were anesthetized by intraperitoneal injection of xylazine/ ketamine (8/140 mg/kg). Then, the right common carotid artery and the right external carotid artery were ligated at the heart side and at the level of bifurcation, respectively. The right common carotid artery was then catheterized with polyethylene tubing filled with heparin (25 IU/mL). Before perfusion, the thoracic cavity was opened, the heart was cut, and the perfusion was started immediately at a flow rate of 2.5 mL/min. The different ligatures ensure that the entire perfusate containing labeled compound reaches the BBB directly after its perfusion into the internal carotid artery. The perfusion fluid consisted of bicarbonate-buffered physiologic saline (mmol/L): 128 NaCl, 24 NaHCO 3 , 4.2 KCl, 2.4 NaH 2 PO 4 , 1.5 CaCl 2 , 0.9 MgCl 2 , and 9 D-glucose. The solution was gassed with 95% O 2 and 5% CO 2 to obtain a pH of 7.4 and heated to 37°C. The passive diffusion was measured by perfusing [ 3 H]-diazepam (83.7 Ci/mmol, Perkin-Elmer, Boston, MA, USA) (0.3 μCi/mL) for 60 seconds, where the diazepam is a highly lipophilic drug that readily crosses the BBB in a flow-limited manner. 13 The passage of glucose was measured by perfusing the mice with [ 3 H]-D-glucose (20 Ci/mmol, Perkin-Elmer) (0.3 μCi/mL) for 20 seconds. Each mouse was coperfused with [ 14 C]-sucrose (0.3 μCi/mL), a vascular space marker, to evaluate the physical integrity of the BBB for each mouse individually. The perfusion was terminated by decapitating the mouse. The right cerebral hemispheres and aliquots of the perfusion fluid were collected and weighted. Tissue samples were digested in 1 mL of Solvable (Perkin-Elmer, Waltham, MA, USA) at 50°C overnight, and then cooled to room temperature and mixed with 9 mL of Ultima Gold scintillation cocktail (Perkin-Elmer). Total isotopes were determined in a Packard Tri-Carb model 1900TR liquid scintillation analyzer.
The vascular volume (V vasc , μL/g) was evaluated by measuring the distribution volume of [ 14 C]-sucrose using the following equation: V vasc = (X vascular marker /C vascular marker ), in which X (dpm/g) is the total quantity of radioactivity found in the right cerebral hemisphere, and C (dpm/μL) is the marker concentration in the perfusate. If the internal diameter of cerebral blood vessels is not changed, then an increase in the V vasc indicates a disruption of the BBB, leading to enhanced paracellular permeability.
The brain transport coefficient (Clup, μL/g s) of [ 3 H]-diazepam and [ 3 H]-Dglucose was calculated as described previously 22 using the following equation:
where X tissue (dpm/g) is the measured amount of [ 3 H] test compound in the right hemisphere, C perf (dpm/μL) is the test compound concentration in the perfusion fluid, and T (seconds) is the perfusion time. Tissue total radioactivity was corrected for 'vascular' contamination with: X tissue = X tot − (V vasc × C perf ), where X tot (dpm/g) represents the total amount of labeled compound within the tissue parenchyma and the 'vascular' compartment.
Immunohistofluorescence
Twelve-month-old APOE2, E3, and E4 mice were anesthetized deeply and then perfused transcardially with 50 mL of ice-cold 0.1 mol/L phosphatebuffered saline (PBS) buffer followed by 50 mL of ice-cold fixative (4% paraformaldehyde in PBS 0.1mol/L, pH 7.4). After the two perfusions, brains were collected and postfixed overnight at 4°C in the same fixative buffer, then transferred into a 20% sucrose/0.05% sodium azide solution for 48 hours until equilibration and kept frozen at − 80°C until sectioning. Brains were embedded in optimal cutting temperature (Sakura Finetek, Figure 1 . The brain transport coefficient (Clup, μL/g s) of [ 3 H]diazepam was decreased in APOE4 mice. Clup was determined in APOE2, APOE3, and APOE4 mice at (A) 2, (B) 4, and (C) 12 months of age using the in situ brain perfusion technique. Data are shown as mean ± standard error of the mean (s.e.m.). Statistical analyses: oneway analysis of variance (ANOVA) followed by Dunnett's multiple comparison test *P o0.05 (n = 6 to 12).
Torrance, CA, USA) and brain slices (12 μm) were cut with a cryostat, thawmounted onto superfrost plus slides (Fisher Scientific Company, Ottawa, ON, Canada), desiccated overnight at 4°C, and stored at − 80°C until assayed. Experiments were performed on five to six animals per group and on at least twelve sections per animal.
The immunohistofluorescence technique was adapted from previous studies. 13, 24 Briefly, slides were washed in 0.1 mol/L PBS two times for 5 minutes to clean the remaining optimal cutting temperature and blocked with 0.1 mol/L PBS containing 10% normal horse serum and 0.2% Triton X-100 for 1 hour at room temperature. Sections were then incubated overnight at 4°C in a humid chamber with primary antibody in the blocking solution: goat anti collagen IV (1:400; Millipore Bioscience Research Reagents, Temecula, CA, USA). After incubation with primary antibody, slides were washed three times in 0.1 mol/L PBS and then incubated for 2 hours in 0.1 mol/L PBS solution containing 0.05% Triton X-100, 1% normal horse serum and Alexa Fluor 488-conjugated donkey anti-goat antibody (1:500; Invitrogen, Burlington, ON, Canada). Finally, slides were washed three additional times and coverslips were mounted with Mowiol medium. The collagen IV-stained sections were examined with the Simple PCI version 5.0 software (Hamamatsu, Sewickley, PA, USA) linked to a Nikon eclipse 90i microscope (Nikon Instruments, Toronto, ON, Canada) using appropriate filters for Alexa Fluor 488 (excitation, 480/30 nm; emission, 535/40 nm). The apparent thickness of the collagen-positive basement membrane of microvessels and the relative density of cerebral vascularization were measured directly on digital pictures under the same conditions of illumination and magnification using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). Quantifications were performed in hippocampal CA2 and CA3 areas (located between bregma − 1.46 to bregma − 1.70) in all sections, as the hippocampus is one of the earliest brain regions affected in AD. To measure the apparent thickness of the basement membrane of cerebral capillaries, a total of 15 pictures per animal were taken at × 100 magnification and they were distributed between 12 different brain slices (from bregma − 1.46 to bregma − 1.70). The quantification of the relative density of blood vessels labeled with anticollagen IV antibody was performed by a blind investigator using 4 to 5 images per animal (×20 magnification, bregma − 1.46 to bregma − 1.70). The ImageJ software (NIH, Bethesda, MD, USA) was used with settings allowing the measurement of all blood microvessels in a single defined area. Relative cerebral vascularization was determined as a percentage (%) of collagen IV-positive blood vessels surface area per field (600 × 600 μm) and the results are expressed as mean ± standard error of the mean (s.e.m.).
Assessment of Blood-Brain Barrier Permeability with Human Immunoglobulins
APOE2 (n = 6, 5.1 ± 1.1 months of age) and APOE4 (n = 6, 4.9 ± 0.9 months of age) mice were injected intraperitoneally with three doses of 30 mg hIgG (Gamunex, Grifols Canada, Mississauga, ON, Canada) per mouse, 96, 24, and 1 hour(s) before killing. Mice were killed by intracardiac perfusion with 50 mL of ice-cold 0.1 mol/L PBS containing protease and phosphatase inhibitors, under deep anesthesia. Then, plasma, spleen, liver, and brain were collected. The hippocampus and the cortex were dissected, snap frozen on dry ice, and stored at − 80°C until used. Organs were homogenized in 5 (cortex and hippocampus) and 10 volumes (spleen and liver) of lysis buffer and processed as described below in the protein extraction section. The concentration of hIgG in each tissue was determined by specific enzyme-linked immunosorbent assay using hIgG Fc-specific antibodies for capture and the corresponding horseradish peroxidaseconjugated antibodies for detection (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). 24 Figure 2 . Relative vessel density in the hippocampus was reduced in APOE4 mice. Area occupied by vessels was determined by immunohistofluorescence using anti-collagen IV antibody in 12-month-old APOE2, APOE3, and APOE4 mice. Image analyses were performed in the CA2-CA3 region of hippocampal slices located between bregma − 1.46 and bregma − 1.70. Data are shown as mean ± standard error of the mean (s.e.m.). Statistical analyses: one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. *Po 0.05; ***P o0.001 (n = 5 to 6).
Effects of APOE4 on the murine blood-brain barrier
Capillary Depletion
Capillary depletion technique was used to isolate brain microvessels by density gradient centrifugation. 25 Twelve-month-old APOE2, E3, and E4 mice were deeply anesthetized and then perfused transcardially with 50 mL of ice-cold 0.1 mol/L PBS. Then, the brain was collected and directly transferred into ice-cold 0.1 mol/L PBS where cerebellum, meninges, brain stem, and large superficial blood vessels were removed. The brain was gently homogenized in ice-cold Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) using a Potter homogenizer. The homogenate was centrifuged at 500 g for 10 minutes at 4°C, the supernatant was excluded and the pellet was homogenized in 5 mL of ice-cold DMEM containing 25% bovine serum albumin (BSA) and centrifuged at 1,500 g for 20 minutes at 4°C. The resulting pellet was gently homogenized in 1 mL of ice-cold DMEM containing 10% FBS and the homogenate was filtered through a 60-μm filter. The filtrate was centrifuged at 12,000 g for 45 minutes at 4°C. The pellet containing the microvessels was washed in ice-cold 0.1 mol/L PBS and centrifuged again at 12,000 g for 20 minutes at 4°C. The supernatant was discarded and the pellets were stored at − 80°C until processed for western blotting analysis.
Protein Extraction
The protein extraction was adapted from previous studies. 4, 8, 24 Briefly, the pellet containing the microvessels was weighed and total proteins were extracted by homogenization in eight volumes of lysis buffer (150 mmol/L NaCl, 10 mmol/L NaH 2 PO 4 , 1% Triton X-100, 0.5% SDS, and 0.5% deoxycholate, pH 7.4) containing Complete protease inhibitors (Roche, Indianapolis, IN, USA), 10 mg/mL pepstatin A, and phosphatase inhibitors (1 mmol/L sodium pyrophosphate, 50 mmol/L sodium fluoride). The obtained suspension was sonicated briefly (3 × 10 seconds) and centrifuged at 100,000 g for 20 minutes at 4°C. Protein concentration was determined with the BCA assay and the supernatant was stored at − 80°C until western blotting analysis.
Western Blotting
Equal amounts of proteins per sample were added to Laemmli's loading buffer, heated to 70°C for 10 minutes before loading (15 μg protein per lane), and subjected to sodium dodecyl sulfate-polyacrylamide (SDS) gel electrophoresis. Proteins were electroblotted onto PVDF membranes (Immobilon, Millipore, MA, USA) before blocking in 5% nonfat dry milk, 0.5% BSA, and 0.1% Tween-20 in 0.1 mol/L PBS for 1 hour at room temperature. The membranes were washed three times for 10 minutes in 0.1 mol/L PBS containing 0.1% Tween-20. Then, membranes were incubated overnight at 4°C with primary antibodies diluted in 0.1 mol/L PBS containing 0.1% Tween-20, 5% nonfat dry milk, and 0.5% BSA. The dilutions of primary antibodies were: 1:10,000 for mouse anti-GAPDH (ABM, Richmond, BC, Canada), 1:500 for rabbit anti-occludin (Invitrogen), 1:500 for rabbit anti-claudin-5 (Santa Cruz Biotechnology, Dallas, TX, USA), 1:4,000 for mouse anti-Glut1 (Abcam, Toronto, ON, Canada), 1:1,000 for mouse anti-LR11 (BD Bioscience, Mississauga, ON, Canada), 1:1,000 for rat anti-RAGE (R&D Systems, Minneapolis, MN, USA), 1:20,000 for rabbit anti-LRP1 (Abcam) and 1: 2,000 for rabbit anti-human apoE (Novus Biologicals, Oakville, ON, Canada). The next day, membranes were washed three times for 10 minutes in 0.1 mol/L PBS containing 0.1% Tween-20 and then incubated for 1 hour at room temperature with appropriate horseradish peroxidase-labeled secondary antibodies diluted in 0.1 mol/L PBS containing 0.1% Tween-20 and 1% BSA. The dilutions of secondary antibodies were 1:100,000 for goat anti-mouse (Jackson, West Grove, PA, USA), 1:60,000 for goat anti-rat (Jackson), and 1:60,000 for goat anti-rabbit (Jackson). The membranes were again washed three times for 10 minutes in 0.1 mol/L PBS containing 0.1% Tween-20 and probed with chemiluminescence reagents (Lumiglo Reserve, KPL, Gaithersburg, MD, USA). 
Statistical Analysis
Data are shown as means ± s.e.m. Groups were compared using one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. Statistical significance was set as follows: *Po0.05; **Po0.01; ***P o0.001. All statistical analyses were performed with the Prism5 software (GraphPad Software, San Diego, CA, USA).
RESULTS

The Brain Uptake of [ 3 H]-Diazepam Was Reduced in APOE4 Mice at 4 and 12 Months
To detect global alterations in the cerebral vascularization according to the APOE genotype, the Clup of [ 3 H]-diazepam was assessed using in situ brain perfusion technique. Diazepam is highly diffusible in biologic membranes. As both the perfused concentration of diazepam and the pump-controlled fluid velocity remain constant, its passage via the BBB depends on the surface of cerebral vascularization. 13, 22, 23 Reductions of 13.7% (P o0.05) and 13.0% (Po0.05) of the Clup of [ 3 H]-diazepam were found in APOE4 mice at 4 months compared with APOE2 and APOE3, respectively. The extent of [ 3 H]-diazepam Clup reduction reached 17.0% (Po0.05) at 12 months compared with APOE2 mice (Figure 1) . These results are consistent with a smaller BBB surface area and a less extensive cerebral vascularization in the APOE4 mice. Figure 3 . The apparent thickness of the basement membrane of brain capillaries (μm) was reduced in APOE4 mice, as assessed using immunohistofluorescence with an anti-collagen IV antibody in 12month-old APOE2, APOE3, and APOE4 mice. Data are shown as mean thickness ± standard error of the mean (s.e.m.). Statistical analyses: one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. **Po 0.01; ***Po 0.001 (n = 5 to 6).
Reduction of Relative Vessel Density and Thinner Basement Membrane in 12-Month-Old APOE4 Mice
To determine whether the changes in surface area were associated with detectable morphologic alterations, the relative density of hippocampal blood vessels was evaluated in 12-monthold APOE mice of each isoform group, using a semi-quantitative immunohistofluorescence method. As shown in Figure 2 , collagen IV-positive vessels were shorter and more fragmented in APOE4 than in APOE2 and APOE3 mice. The quantification of area occupied by these vessels in the CA2-CA3 region located between bregma − 1.46 and bregma − 1.70 revealed that the relative density of collagen IV-labeled blood vessels was lower by 26.1% (P o 0.05) and 38.0% (P o0.001) in APOE4 mice compared with APOE2 and APOE3 mice, respectively ( Figure 2 ). Accordingly, these results are consistent with the in situ brain perfusion of diazepam and support a reduction of cerebral vascularization in APOE4 mice compared with APOE2 and APOE3.
To further investigate morphologic changes of blood microvessels in APOE mice, we have measured the apparent thickness of the basement membrane using collagen IV immunohistofluorescence. We observed thinner basement membranes in 12month-old APOE4 mice compared with APOE2 (−29.6%, P o0.01) and APOE3 (−35.1%, P o 0.001), respectively, which may lead to Effects of APOE4 on the murine blood-brain barrier larger luminal diameters in many cases of 12-month-old APOE4 mice (Figure 3 ).
The Cerebrovascular Volume Did Not Differ Between APOE2, E3, and E4 Mice Shrunken cerebral vascularization and lower relative vessel density would be expected to be associated with a reduced V vasc . However, thinner basement membranes observed in 12-monthold APOE4 mice should be indicative of larger luminal volumes. To verify how these different factors combine to alter the brain vascular volume, animals were perfused with [ 14 C]-sucrose, a molecule that is used as a vascular space marker as it does not cross the BBB. 13, 22 Importantly, V vasc values remain comparable between the three groups of APOE-targeted replacement mice at 2, 4, and 12 months ( Figures 4A-4C ). This suggests that reduction in relative vessel density may be compensated by an increase in the diameter of blood capillaries or increased paracellular diffusion of sucrose through the BBB, resulting in unchanged apparent V vasc in 12-month-old APOE4 mice. To verify the second hypothesis, we further investigated the permeability of the BBB in APOE4 versus APOE2 mice, using a subchronic treatment with hIgG. Since hIgG are large molecules, they do not cross the BBB, or only in very small amount (o 0.01% of injected dose). 24 As shown in Figures 4D and 4E , no difference in hIgG concentrations in the hippocampus and the cortex was found between APOE2 and APOE4 mice after three intraperitoneal injections of 30 mg hIgG 96, 24, and 1 hour(s) before killing. These data corroborate [ 14 C]sucrose data and confirm that no major breakdown of BBB integrity occurred in APOE4 mice. To further assess BBB integrity in APOE4 mice, two tight junctions proteins (occludin and claudin-5) were quantified in the capillary fractions of 12-month-old APOE2, E3, and E4 mice using western blot analyses. Again, no difference was observed across the three groups, consistent with a relatively intact BBB in APOE4 mice ( Figures 4F and 4G ).
Reduced Transport of [ 3 H]-D-glucose in APOE4 Mice at 12 Months
One of the key roles of the BBB is to regulate the uptake of glucose, the main source of energy of cerebral tissues. 12 To assess the BBB functional integrity in APOE mice, we measured the uptake of [ 3 H]-D-glucose using in situ brain perfusion. The total concentration of perfused glucose was 9 mmol/L (9 mmol/L of D-glucose+15 nmol/L of [ 3 H]-D-glucose), close to physiologic glycemia in the mouse but less than the estimated k M of 17 mmol/L determined with the same technique. 22 In these conditions, a reduction of 29.0% (P o 0.001) of [ 3 H]-D-glucose Clup was detected in APOE4 mice compared with APOE3 mice at 12 months of age, but not at 4 months ( Figures 5A and 5B) . To determine whether the main BBB glucose transporter GLUT1 was involved, we measured by western blot GLUT1 levels in brain capillary extracts from each group. However, no significant reduction was observed in APOE4 mice ( Figure 5C ).
Overexpression of Receptor for Advanced Glycation End Products in the Blood-Brain Barrier of APOE4 Mice Without Major Changes in Expression of Lipoprotein Receptor-Related Protein-1
The imbalance between the influx and the efflux (clearance) of Aβ through the BBB is considered as an important factor in AD pathogenesis. 26 Thus, the expression of the two key transporters implicated in these processes, RAGE and LRP1, respectively, was measured in the capillary fractions of 12-month-old mice from each group. Whereas the expression of RAGE was increased by 41.3% (P o 0.05) in APOE4 mice compared with APOE2 mice, no change in LRP1 was detected ( Figures 6A and 6B) . Moreover, the quantity of apoE was reduced by 59.4% (P o 0.01) in the capillaries of APOE4 mice compared with APOE2 ( Figure 6C ), consistent with earlier reports in total brain homogenates of mice and human. 4, 27 Finally, the expression of apoE receptor LR11 was not changed across the different groups ( Figure 6D ).
DISCUSSION
The aim of the present study was to investigate the effect of APOE alleles on the functional and morphologic properties of the BBB, to elucidate the role of APOE in AD pathogenesis. Our results suggest that BBB-related parameters and cerebrovascular morphology are critically affected by the genotype of human APOE in mice, in an age-dependent manner. Altogether, in situ brain perfusion of [ 3 H]diazepam and [ 3 H]-D-glucose as well as immunohistofluorescence Figure 5 . The brain transport coefficient (Clup, μL/g s) of [ 3 H]Dglucose was decreased in 12-month-old APOE4 mice. Clup was determined in APOE2, APOE3, and APOE4 mice at (A) 4 and (B) 12 months of age by in situ brain perfusion technique. Data are shown as mean ± standard error of the mean (s.e.m.). Statistical analyses: one-way analysis of variance followed by Dunnett's multiple comparison test. ***P o0.001 (n = 4 to 12). (C) GLUT1 expression was not significantly different between the groups. GLUT1 expression was measured by western blot in 12-month-old mice. Data are shown as mean ± s.e.m. (n = 8 to 9 mice).
analysis indicate that apoE4 expression in the mouse leads to a reduction in cerebral vascularization accompanied by thinner vascular walls and decreased glucose uptake, compared with APOE2 or APOE3 mice. Since brain function relies on an optimal cerebrovascular system, our results suggest that APOE4-induced acceleration of AD pathogenesis might result from its detrimental effects on the BBB.
A first key observation reported here is the significant decrease in the passage of [ 3 H]-diazepam across the BBB, which was detected in APOE4 mice, without concomitant changes in vascular volume. This is consistent with our previous work showing decreased uptake of another highly diffusible compound docosahexaenoic acid in APOE4 mice. 4 Since diazepam enters the brain by passive diffusion requiring neither a transporter nor energy, the measured brain uptake of [ 3 H]-diazepam depends on two factors: (1) infusion rate and (2) surface permeability. 13, 14, 25 Indeed, lipophilic solutes cross the BBB through a transcellular pathway, a process referred to as flow-limited transport. 9, 14, 28 However, a unique advantage of the in situ brain perfusion technique is to allow complete control on not only the perfusate content and perfusion time, but also the flow rate, by adjusting the pump. 8 Since 100% of the perfused [ 3 H]-diazepam has direct access to the BBB, in accordance with Fick's first law of diffusion, a decrease in [ 3 H]-diazepam uptake can only be explained by a reduced surface permeability of the BBB. 13, 22 Finally, considerable changes in BBB integrity have been ruled out by experiments conducted with perfused [ 14 C]-sucrose, systemically injected hIgG and two tight junctions proteins (occludin and claudin-5). Therefore, a decrease in the total BBB surface area accessible to the perfused [ 3 H]-diazepam in the brain remains the most likely explanation for the observed uptake decrease in APOE4 mice.
If true, such a change in BBB surface area found in APOE4 mice should be detectable with a microscopic approach. Indeed, the labeling of the basement membrane using a semi-quantitative immunohistofluorescence analysis confirmed a diminution in relative cerebral vascularization and basement membrane thickness surrounding brain capillary endothelial cells in 12-month-old APOE4 mice. In addition, the reduced cerebral vascularization observed here is consistent with previous reports of reduced microvascular length and decreased brain capillary density in several animal models of AD. 29, 30 In line with these observations, implanted glioma tumors in the brains of two transgenic mouse models of AD (Tg APPsw and Tg PS1/APPsw mice) showed a 50% decrease in blood vessel density compared with implanted tumors in the brains of wild-type mice. 31 Consistently, a reduction in the basement membrane surface area was observed in postmortem data of individuals carrying APOE4 genotype comparatively to APOE3. 32 As pointed out above, the volume of distribution of [ 14 C]-sucrose after intracarotid perfusion remained close to 15 μL/g across all groups, suggesting that the reduction in cerebral vascularization was not associated with an alteration in the vascular volume. On the one hand, the absence of changes in [ 14 C]-sucrose is surprising in the light of the massive BBB disruption previously reported in APOE4 mice, as suggested by qualitative evaluation of fluorescent leakage of IV-injected dextran through the BBB. 19 Since most of in situ perfused sucrose remained entrapped in the cerebral vasculature, it would have been logical to expect that a reduced Effects of APOE4 on the murine blood-brain barrier density of cerebral blood vessel would equate to a diminished total vascular content in the brain, and thus lower brain [ 14 C]-sucrose content. A possible explanation for these apparently contradictory results is that the effect of reduced vessel density on vascular volume was compensated by either (1) an increase in luminal space due to the thinning of the vascular wall also observed here or (ii) a small increase in BBB permeability. Indeed, increased brain vessel diameters or small amount of [ 14 C]-sucrose flowing through endothelial cells could have compensated the decreased cerebral vascularization, resulting in a total vascular volume remaining unchanged. Nevertheless, our quantitative analyses with perfused [ 14 C]-sucrose, systemically injected hIgG and two tight junctions proteins are sufficient to rule out a massive disruption of BBB integrity in the APOE4 mice.
The unchanged cerebral concentrations of hIgG after systemic administration in APOE4 mice are also an important observation in the light of recent clinical studies designed and powered to test the clinical efficacy and safety of intravenous immunoglobulin (IVIg) in AD. 33, 34 Indeed, secondary analysis showed that APOE4 carriers responded better to IVIg than noncarriers, 33 suggesting that APOE4 could increase the brain uptake of IVIg. Our present data in human knock-in mice suggest that the additional clinical benefits of IVIg in APOE4 carriers, if confirmed, are unlikely to be explained by higher brain bioavailability.
The series of BBB anomalies evidenced here are likely to exert significant long-term consequences on brain homeostasis. If the observed BBB impairments are associated with defective cerebral blood flow, as previously evidenced in APOE4 mice, 19 then one will expect metabolic changes, reduced nutrient intake, enhanced oxidative stress, and formation of string vessels, which all could contribute to cognitive impairment. 35, 36 Consistent with this, the transport of [ 3 H]-D-glucose to the brain was impaired in APOE4 mice at 12 but not at 4 months of age. Although a reduction in GLUT1 is observed in the brain of AD patients, 37 no significant difference in GLUT1 expression was observed in the capillaries of APOE4 mice. In spite of the brain weight is equal to 2% of the body weight, but it consumes 25% of body glucose in awake state, 38 and it is generally accepted that perturbations of glucose intake and metabolism can greatly impact brain function. Moreover, brain hypometabolism is now considered as a canonical sign of AD, mostly assessed by in vivo imaging using positron emission tomography with 2-[(18)F]fluoro-2-deoxy-D-glucose. It is detected early in the course of the disease and its extent and topography correlate with symptom severity. 39 Incidentally, APOE4 carriage is also associated with cerebral glucose hypometabolism in ADrelevant cerebral regions, long before cognitive symptoms. 40 Since transportation of glucose within endothelial cells is a key first step in its use as a source of energy for the brain, 38 the observed reduction of glucose transport in APOE4 mice is likely to have serious consequences.
Finally, overexpression of RAGE and reduction of apoE concentration were observed in the cerebral capillaries from APOE4 mice compared with other genotypes without significant changes of LRP1 or LR11 expression. Such an upregulation of RAGE in APOE4 mice is reminiscent of what is observed in AD patients. 18 Since apoE has an important role in the clearance of Aβ 2 and RAGE is involved in the reuptake of Aβ in the brain, whereas RAGE null mice did not show any cerebral accumulation of peripheral Aβ, 16 the consequence of such combined alterations in apoE and RAGE at the BBB could result in hindered clearance of Aβ through the BBB.
CONCLUSION
Our findings suggest that human APOE isoforms have a direct impact on cerebrovascular health. The expression of human APOE4 in the mouse was found to lead to a collection of morphologic, functional and molecular changes in cerebral blood vessels, consistent with impaired blood perfusion, BBB dysfunction, and reduced Aβ clearance, which have all been confirmed to occur during AD progression. Therefore, these results suggest that APOE may modify the risk of developing AD through profound effects on BBB-related parameters and cerebrovascular function.
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